Data on heat stress in poultry are surveyed in a two-part review. In the first part presented herein the authors summarized current knowledge on the influence of heat stress on alterations of metabolic and physiological processes in poultry as well as the adverse consequences for livability, growth, development and productivity, being 19.3-28.8 % less, and product quality (M.M. Mashaly et al., 2004; Sh. Imangulov et al., 2005). The level of these alterations depends on strength and durability of the exposure to stressing conditions, on age of birds, type and level of productivity, health status, nutrition program, complex of genetic factors, rearing conditions, etc. , 2009). The acidity and bactericide activity of gastric juice and choleretic function of liver are decreased, the balance between beneficial and detrimental segments of intestinal microbial population is altered (K. Suzuki et al., 1983; J.A. Tur, R.V. Rial, 1985) while blood supply of gastrointestinal tract, especially its upper part, is inadequate (D. Wolfenson et al., 1981). Blood vessels in skin, wattles and combs are dilated (R.U. Khan et al., 2012). Attempts to maintain the thermal homeostasis result in shallow and active breathing which is 5 to 6 times more frequent in thermal stressed (panting) birds (M.K. Sabah Elkheffi et al., 2008; A.O. Oguntunji, O.M. Alabi, 2010). That leads to increased clearance of carbon dioxide necessary for synthesis of calcium carbonate for eggshell formation, followed by subsequent increase in blood pH and respiratory alkalosis, the overall disturbance of acid-base balance (R.G. Teeter et al., 1985; A.Sh. Kavtarashvili et al., 2003; S.A. Borges et al., 2004).
growth and development rate, egg-laying capacity, incubative and commercial qualities of eggs, viability of poultry, etc. [1, 2] . Sharp temperature rise may lead to mass mortality of stock. The process is aggravated in the cage technology of poultry management and increases with the number of tiers in the equipment. The mortality of poultry is especially high at upper tiers of batteries. This inevitably results in big financial losses. Thus, according to available data, annual losses in the US poultry industry from heat stress are equal to 128-165 mln dollars [3] .
H e a t s t r e s s h a z a r d . Heat stress occurs as a result of negative balance between the amount of heat energy supplied from the environment to the animal and released by the animal. It causes a wide spectrum of physiological changes depending on stress intensity and duration [4] . A number of researchers believe that the factors influencing the heat stress intensity include maximum temperature value, high temperature exposure duration, temperature variation within 24 hours, relative air humidity, poultry genotype and age [5, 6] .
With regard to physiology, poultry somewhat differs from other warmblooded animals and can live without serious deviations in the organism in a very narrow range of ambient temperatures. Birds have no sweat glands; their vasomotor reaction is weak, thermoreceptors are localized in the skin, tongue and brain, and heat-regulating center is located in the hypothalamus [3] .
Four overheating phases are distinguished based on changes in heat exchange in poultry [7] : I -stable adaptation of organism to high temperatures; II -total heat load is not compensated by water evaporation from the surface of the body and respiratory passages (hyperemia of arteriovenous anastomoses, increase in mean and rectal temperature); III -external heat load dominates over heat dissipation in the course of water evaporation from the surface of the body and respiratory passages (start of poultry mass mortality events); IV -heat apoplexy with specific signs of collapse.
It is proposed to assess potential heat stress hazard by calculating a Hazard Index (HI) which takes into account both temperature (T, С) and relative humidity (RH, %) [8] : HI = (1.8 Т + 32) + RH. There is an assumption [9] that poultry feels comfortable when HI is below 150. Productivity begins to decline when HI is within 150-160. In the HI range within 160-165, feed consumption decreases, whereas water consumption increases. When HI rises up to 165-170, mortality becomes substantially higher along with mass lesion of the respiratory and blood circulatory system, and crossing of HI = 170 involves the mass mortality of poultry.
K.E. Anderson and T.A. Carter [10] indicate the following temperature ranges affecting the health and productivity of poultry. At 13-24 С (thermoneutral zone), poultry does not need to change basic metabolism or behavior in order to maintain body temperature. Ideal temperature range is 18-24 С. Insignificant decrease in feed consumption may be observed within 24-29 С, however, it is unlikely that the productivity will be affected if nutrient intake is adequate. Nevertheless, some loss of egg weight and shell quality is noted, especially upon reaching the upper limit of the mentioned range. At 29-32 С, feed consumption continues to decrease. Significant reduction is observed in respect to such parameters as daily average live weight gain in young stock, egg-laying capacity of chickens, weight and shell quality of eggs (a cooldown procedure shall be initiated before these temperature values are achieved). Then (32-35 С) , feed consumption continues to decrease, and there is a heat stress risk, especially for highly productive poultry (active measures are needed to cool the poultry house). At 35-38 С, heat stress is inevitable, and feed consumption and productivity significantly decrease along with sharp increase in water consumption (emergency measures shall be taken). At 38 С and above, poultry life is in danger, and urgent measures for poultry house cooldown are required.
C h a n g e s i n b i r d o r g a n i s m i n c a s e o f h e a t s t r e s s. As noted above, this taxonomic group of animals has limited resources for responding to environmental factor fluctuations and initiating protection mechanisms. Adaptation to new conditions requires the redistribution of organism reserves due to decrease in growth and reproductive function [11] .
Birds respond to high air temperatures by changing the level of hormones, glucose, leukocytes and electrolytes circulating in blood. Thus, the increased production of corticosterone, noradrenaline and adrenaline is observed during heat stress, which causes follicle degeneration and leads to decrease in egg-laying capacity [12, 13] . Then, the activity and performance efficiency of lymphoid organs (bursa, spleen and thymus) decrease and the number of monocytes, lymphocytes and heterophils [14, 15] increases, which results in lower immune response [16] .
Under heat stress conditions, bird blood plasma volume increases, while the concentration of other components (for example, thyroxin, erythrocytes, hemoglobin, amino acids, calcium) decreases [2, 17] . Decrease is also observed in respect to such parameters as oxygen consumption, nitrogen exchange, content of metabolic water in organism and content of vitamins А, В 2 and С in liver. In addition, a change is observed in the ratio between the activity of carbohydrate and lipid exchange [18, 19] . The amount of fat increases with simultaneous decrease in live weight; increase in concentration is noted for triglycerides in blood, glycogen in liver and myocard and adenosine monophosphate in plasma, liver, muscles and fat tissues; lipid peroxidation occurs in cell membranes [12, 20, 21] .
Heat stress is characterized by decrease in antioxidant status in poultry, which leads to higher oxidative stress associated with imbalance between the production of free radicals and the number of the antioxidants neutralizing them. Free radicals are able to damage all types of biological molecules, including lipids, proteins and nucleic acids [22] . It is known that about 200 billion free radicals are produced in each cell every day. This figure increases by several times under stress conditions. This results in cell membrane abnormalities leading to harmful effects for cell metabolism [23] [24] [25] .
It is common knowledge that the digestive system of birds readjusts itself in accordance with the amount and quality of consumed feed. Higher nutrient rate in the diet leads to increase in excretion of corresponding enzymes into the gastrointestinal tract and vice versa. In poultry, high temperature causes reflectory increase in cutaneous blood flow and decrease in blood circulation in internal organs; the associated decrease in feed consumption is equal to 1.5 % per degree above 20 С [2, 26, 27] .
Many researchers have established that heat stress (35 С) against the background of lesser feed consumption by poultry leads to 22-23 % decrease in small intestine weight and 19 % reduction in the absorbing surface of villi [28, 29] . This results in lesser digestibility and absorption of nutrients, as well as accessibility of amino acids, fat and starch, which is also associated with the depression of thyroid function, in particular, hormone Т 3 production [30] [31] [32] , as well as with reduction in secretion of pancreatic enzymes, such as trypsin, chymotrypsin and amylase [6, 33] . There are also other changes in the gastrointestinal tract: reduction in acidity and bactericide function of gastric juice, decrease in bile excretion function of liver, changes in the balance of beneficial and harmful intestinal microflora [34, 35] , as well as decrease in gastrointestinal blood flow, especially in upper segments [36] . These deviations disappear after poultry return to thermoneutral conditions (at least in case of individuals with preliminary acclimatization) [37] .
With rise of ambient temperature, in order to restore heat balance with the environment, the bird stretches the wings and slows down its motor activity; in this case, depth of breathing decreases and rate of breathing increases by a factor of about 5-6 [2, 13, 38] . The blood vessels of skin, wattles and combs dilate, and internal heat is supplied to the skin surface, through which the bird organism cools down due to convection (heat radiation) [25] .
The correct combination of air temperature and velocity can provide an ideal balance between heat energy production in poultry and heat losses through skin. If there is no temperature differential between air and skin, then air velocity will not have any influence on bird thermal regulation [39] .
If the amount of heat generated in the organism exceeds its release rate for a long time, bird body temperature will begin to increase along with drastic reduction in the efficiency of heat dissipation through skin. In such a situation, a main way of cooling to maintain thermal homeostasis is evaporation via breathing [8, 13] . When ambient temperature is above 30 С, bird breathing accelerates from 22-25 to 200-250 cycles per minute [7, 40] . If the evaporative cooling mechanism becomes insufficient, poultry may die [41, 42] . It has been established that the energy required for poultry to lose 1 g of water due to evaporative cooling is equal to about 540 cal [43, 44] . In case of heat stress, water loss may be 5-10 g per day, i.e. it may achieve almost all required heat loss with evaporation [39] . Water consumption may increase approximately by 6.5 % per each degree above 21 С [45] . Water consumption stimulation promotes the evaporative cooling mechanism [46] . The feed to water consumption ratio at high temperatures increases from 2:1 to 5:1 [44, 47] .
As noted above, attempts of birds to maintain homeostasis under heat stress conditions lead to breathing acceleration (for heat dissipation due to evaporation) with increase in the rate of carbon dioxide removal from the organism (carbon dioxide is required for formation of calcium carbonate which is a component of shell). As a consequence, blood pH increases, which, in turn, leads to acid-base imbalance, in particular, respiratory alkalosis. At high ambient temperature, this alkalosis is characterized by low concentrations of calcium and sodium bicarbonate, СО 2 and НСО 3 , in blood [48] [49] [50] .
The alkalosis is a shift of acid-base balance in the organism to the alkaline reaction due to changes in the content of standard (energy-independent) acids and alkalis. This condition is accompanied by the change of the ratio between plasma electrolytes and blood gases affecting the formation of the high-quality shell of eggs [51] . Chickens suffer mild alkalosis at 35 С (рН = 7.55), moderate alkalosis at 38 С and severe alkalosis at 41 С (рН = 7.65) [52] . Any strategy aimed at maintaining СО 2 and/or НСО 3 amount within a physiologically normal range can mitigate some of negative consequences of heat stress [53] .
During heat stress, animal cells try to retain water by accumulating potassium ions. As a rule, increase in the concentration of other ions adversely affect metabolic processes [6] .
H e a t s t r e s s s i g n s. Heat stress in young poultry exhibits primarily in decrease in feed consumption and growth slowdown [54] . Thus, feed consumption decreases by 1.4 %, 1.6 % and 2.3 % when temperature rises from 20 to 25 С, 25 to 30 С and 30 to 35 С, respectively; above 35 С, it decreases by 4.8 % per 1 С [55] . The puberty of hens is delayed by 8-10 days [56] , and roosters, to the contrary, mature earlier, but the volume of semen and content of spermatozoa decrease [19] . Poultry survivability decreases, and high temperatures are especially critical for broiler chickens at the age from 20 days until slaughter [57] . At the same time, carcass quality deterioration is noted, in particular, disruption of skin during defeathering, poor bleeding, coarse meat with dark pigmentation and changes in biochemical composition (lower protein content, higher fat fraction in carcass). PSE (Pale, Soft, Exudate) syndrome (or «soft muscle tissue») develops in pectoral muscle. The pectoral muscle meat becomes pale and loose, and watery exudate is noted during dissection (it is a result of protein denaturation at high temperature). In case of deep processing, such meat loses its consumer properties and nutritional value, which leads to reduction in price of the obtained product [57] . A shift of acid-base balance occurs, causing respiratory alkalosis [52] .
Feed consumption by adult poultry also decreases (by 3-5 % when ambient temperature rises from 25 to 28 С and 20-25 % when it rises up to 33 С) along with digestive enzyme activity [58] [59] [60] . Water consumption increases 1.4 times in case of temperature rise from 21 to 27 С, 2.5 times in a range up to 33 С [61, 62] , and 2-3 times from 35 to 40 С. Excessive water consumption leads to craw sagging, which provokes pathogenic microflora reproduction in the craw, intestine and lungs [57] . The rate of breathing increases as temperature rises [49, 63] . A shift of acid-base balance occurs along with development of respiratory alkalosis [3, 52] . Egg weight decreases [58, 64] . In particular, it have been established that above 24 С it decreases by 0.5-1.0 % per 1 С of rising temperature [65, 66] . Based on other data [55] , within 23-27 С, egg weight decreases by 0.4 % and above 27 С by 0.8 % per 1 С of rising temperature.
The egg-laying capacity of hens decreases by 2.7 % per 1 С when ambient temperature rises from 21 to 38 С [67] . The temperature rise is especially critical for old hens (due to depression of ovary and egg tube function). It is reported that, at temperature above 30 С, the egg-laying capacity of 35-44-week, 45-54-week and 55-64-week hens decreases by 5 %, 12 % and 24 %, respectively [27, 59] . A main cause of reproductive function decline in chickens in heat stress conditions supposedly consists in the reduction of blood supply in ovary vessels along with increase in cutaneous blood flow [68, 69] . This is evidenced by the significant reduction in the ovary weight and number of large follicles, which was observed for White Leghorn chickens on days 6 and 15 in heat stress conditions (42 С) , as compared to the individuals kept in the thermoneutral zone [69] . Stress hormones (corticosterone, noradrenaline and adrenaline) have an antagonistic effect on reproductive function via brain, hypophysis and gonads, including the reduction of normal ovary function, which leads to suppression of secretion of steroids (progesterone and estradiol) and gonadotrophins (luteinizing and folliclestimulating hormones). This results in abnormal regulation of the physiological mechanisms which are of fundamental importance for steroidogenesis, follicle development and growth, and ovulation [13, [70] [71] [72] .
In addition, impairment is observed with regard to the synthesis and release of vitellogenin needed for egg yolk formation [58] . The egg laying interval within one cycle extends, being 25.6 h at 21 С and 27.7 h at 31 С [27] . The egg shell thickness decreases along with the microstructural failure of both organic and mineral parts of the shell [60, 73] . This is caused by reduction in feed (and calcium) consumption by 25-30 % due to increased water consumption, as well as by faster passage of feed through the gastrointestinal tract [49] . Blood outflows to skin and calcium feeding of uterus becomes abnormal [69, 72] ; calcium carbonate content in blood decreases in connection with hurried bird breathing and accelerated carbon dioxide removal from the organism [60] ; the ability of duodenum cells to absorb calcium decreases [74, 75] ; the activity of carbonic anhydrase (an enzyme promoting shell formation) declines [72, 76] . The Cacarrying capacity of blood decreases (as a result of alkalosis) [3, 77] .
Thyroid function depression occurs, which prevents the generation of the active form of vitamin D 3 in kidneys [60] .
Bird body temperature increases [8, 31, 71] within the range of air temperatures from 35 to 40 С by 0.5-1.0 С, and from 41 to 44 С by 1.5-2.0 С, comatose condition of birds is observed, and mass mortality occurs after 12 hours under high temperature conditions [59] .
Egg hatchability decreases along with poultry immunity and survivability [15, 78] . Sperm quality deteriorates (reduction in semen volume and live spermatozoon motility and number) [79, 80] . The mineral depletion of muscular and bone tissues (especially in thigh bones) takes place, which results in so-called «cage fatigue» syndrome in highly productive poultry [60] .
Thus, high ambient temperature is one of the key non-genetic factors influencing the physiological condition of poultry. Heat stress inevitably leads to the changes in the bird organism, which affect all the systems and organs and influence such parameters as feed and water consumption, nutrient digestibility, growth, development, productivity, product quality and immunity of poultry. As a consequence, disease incidence increases and production efficiency decreases. The depth of changes depends on heat stress intensity and duration, poultry age, usage type and productivity level, veterinary safety of the farm, feeding quality, a set of process and genetic factors, etc. In order to develop efficient measures for preventing heat stress and mitigating its adverse effects (especially when stocking rate is significant in the conditions of large farms), in-depth studies of fundamental processes in the bird organism are required, in particular, with regard to the physiological and molecular mechanisms of thermal regulation and adaptation. In addition, continuous monitoring of ambient conditions is needed for the operational evaluation of potential heat stress hazard.
